Summary Hybrids between A genome diploid plants from the Chinese and Korean populations of the Scilla scilloides complex were found. Molecular cytogenetic examination and genome size measurement showed that the hybrids were composed of two distinguishable A genomes. Genomic in situ hybridization (GISH) using mixed probes of both parental genomic DNAs could distinguish the chromosomes of each A genome in the chromosome spreads of hybrid plants. This suggests that the A genome plants of the two populations differ at the genomic DNA level. The genome size of the Korean population was 1.2-1.3 times larger than that of the Gansu population according to the area of chromosome set and fluorescence intensity in flow cytometry (FCM). Despite these cytological differences, the hybrids showed normal chromosome pairing in meiosis of pollen mother cells (PMCs), suggesting that the genomes of these two populations still belong to the same genome in terms of classical cytogenetics. Despite these genomes belonging to the same A genome, molecular signs of genome differentiation in the A genome were also found in the 5S rDNA spacer region. Southern blot hybridization of this spacer region from several populations showed that the three A genome populations were distinct from one another. Additionally, in a sequence analysis of a part of matK gene and ITS1, the three A genome populations showed population-specific sequence variations. These results suggest that the A genome populations of S. scilloides is just in the process of genome differentiation.
In plants, each species obtains unique features of their genomes through differentiation by rearrangement of chromosome segments, polyploidization, chromosome loss or gain, and genome size variation by amplification of certain DNA sequences. Other well-known mechanisms of species differentiation are intergenomic hybridization and subsequent polyploidization, and are widely recognized for their significance in plant speciation in some groups, such as the Triticum (Kihara 1930 (Kihara , 1965 and Brassica groups (U 1935 , Attia and Röbbelen 1986 , Snowdon 2007 . Difference of genomes could be observed as feature of karyotypes of each species. The GISH technique revealed genome constitution of allopolyploid in Milium montianum (Bennett et al. 1992) , Nicotiana tabacum (Kenton et al. 1993 , Moscone et al. 1996 , Thinopyrum intermedium (Kishii et al. 2005) , Solanum spp. (Pendinen et al. 2008) , and others. Scilla scilloides is a complex species composed of two genomes, called the A genome and B genome, with different chromosome numbers (n=8 and n=9, respectively) and karyotypes (Araki 1972b, Haga and Noda 1976) . Populations from various localities have several combinations of diploids of the A and B genomes, amphidiploids having AABB genome, and various polyploids derived by hybridization and/or polyploidization. Cytogenetic investigations of S. scilloides began in Japan (Sato 1935 , Okabe 1938 and focused on cytogenetic (Araki 1971 , 1972a , Haga and Noda 1976 , population genetic (Araki et al. 1976) , and cytogeographical analyses (Ihara 1977 , Araki 1985 , Choi and Bang 1990 , Yu and Araki 1991 , Yu et al. 1993 , Ding et al. 1998 , Choi et al. 2004 , Ding et al. 2005 , as well as molecular cytogenetic studies , Hizume and Araki 1994 , Horiuchi et al. 1999 , Hizume and Shibata 2001 , Choi et al. 2008 . Cytogenetic differentiation between the A and B genomes was revealed in ABB plants and an artificial AB hybrid. In ABB hybrids, most PMCs had nine bivalents of the B genome and eight univalents of the A genome (Haga and Noda 1976) . In artificial AB hybrids, most PMCs had many univalents, and some had irregular pairing between homeologous chromosomes or regions of different genomes. Araki (1971) analyzed the meiotic configuration of the chromosomes of the A and B genomes and presented a structural relationship for the chromosomes suggesting that the A genome originated from the B genome with an increase in chromosome size. A GISH experiment using a probe of genomic DNA from each genome clearly discriminated chromosomes belonging to another genome in amphidip-loid plants, indicating that the A and B genomes differ cytogenetically and in total genomic DNA Araki 1996, Choi et al. 2008) . The phylogenetic relationships between these two genomes and among populations are not well known. Using allozyme analysis, Ding et al. (1999) showed that Chinese A genome populations were differentiated into three or more groups. Molecular phylogenetic and molecular cytogenetic investigations of the distributions of more populations are necessary to understand the intraspecific relationship of the S. scilloides genome.
In this paper, we report the molecular cytogenetic differentiation of two populations having the A genome and the relationship among diploid populations using a molecular phylogenetic analysis of certain sequences of chloroplast and nuclear DNA.
Materials and methods

Plant materials
Bulbs of Scilla scilloides (Lindl.) Druce were collected from seven populations of A genome diploid in Korea and China, four populations of B genome diploid in Japan and China, and three populations of amphidiploid in Korea and Japan. Their population numbers and localities are shown in Table 1 and Fig. 1 . S. siberica Haw. and S. peruviana L. bulbs were purchased from commercial sources and used as outgroups. Diploid plants of the A genome from Gansu, China (Population No. C6) have white flowers and round bulbs, whereas Korean A genome diploid plants (Population No. K1 and K3) have purple flowers and slender bulbs. Plants were planted in a pot and placed in a greenhouse. Pollinated seeds were collected from Gansu plants. Roots and young flower buds were used for cytological studies, and leaves were used for molecular analysis.
Fluorescence in situ hybridization (FISH) and meiotic observation
Genomic DNA was extracted from leaves of plants collected from each locality using the cetyltrimethylammonium bromide method. The 5S rDNA spacer region was amplified by PCR using the primers 5SRS-F: GCT GGT ATG ATC GCA CCC and 5SRS-R: GGA AGT CCT TGT GTT GCA CCC that were at the both ends of the 5S rRNA cording region, from genomic DNA in a thermal cycler. Total genomic DNA and 5S rDNA spacer regions amplified from genomic DNA were labeled with biotin or digoxigenin (DIG) using the BioNick Labeling System (Thermo Fisher Scientific, USA) or DIG Nick Translation Mix (Roche Applied Science, Germany).
Chromosome preparation followed the method of Shibata and Hizume (2002) . Chromosome DNA was (1992) . After taking photo of GISH images, cover slips were removed and soaked in acetic ethanol (1 : 3) for 20 min. Air-dried slides were used for FISH probing with the 5S rDNA spacer region. 5S rDNA amplified from Gansu China A genome DNA was labeled with DIG and that from Korea A genome DNA was labeled with biotin. In the GISH and FISH experiments the biotin-labeled probe was detected using avidin-fluorescein isothiocyanate (EY Laboratories, USA) and the DIG-labeled probe was detected using anti-DIG-rhodamine Fab fragments (Roche Applied Science, Germany). Counter-staining for chromosome morphology was performed using 0.1 µg mL 1 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI).
The area of the chromosome complement of each genome in the GISH images was measured using Photoshop CC 2015 (Adobe). Meiotic chromosomes of hybrid plants were observed in PMCs by conventional acetic orcein staining. Young inflorescences were collected and fixed in late August to early September. To observe meiotic configuration, PMCs were dissected and stained with acetic orcein.
Flow cytometry (FCM)
Sample preparation procedures and measurements followed Hayashi et al. (2007) with some modification. An approximately 5 5 mm 2 piece of fresh leaf was chopped in a one-inch plastic petri dish with a razor blade and then 200 µL of solution A (Plant high resolution DNA kit type P; Sysmex, Japan) was added. A solution of suspended nuclei was made with the addition of about 3 mL of DAPI solution [2.5 µg mL 1 DAPI, 10 mM Tris, 50 mM sodium citrate, 2 mM MgCl 2 , 1% (w/v) polyvinylpyrrolidone K-30, 0.1% (v/v) Triton X-100, pH 7.5] and filtered through a 50 µm nylon mesh (CellTrics; Sysmex, Japan) to remove large debris. The nuclear suspension was stirred and analyzed in a flow cytometer (Ploidy Analyser PA, Sysmex, Japan).
Southern hybridization of the 5S rDNA spacer region
PCR products (250 ng) of the 5S rDNA spacer region, amplified using primers 5SRS-F and 5SRS-R from 
DNA sequencing and molecular phylogenetic analysis
A partial matK gene sequence was amplified from Table 1 ) with various genome constitutions of Scilla scilloides. : A genome diploid, : B genome diploid, : AABB genome amphidiploid.
genomic DNA using a primer set (matK472F CCC RTY CAT CTG GAA ATC TTG GTT C, matK1248R GCT RTR ATA ATG AGA AAG ATT TCT GC: Yu et al. 2011) . The amplified 738 bp DNA was prepared for direct sequencing with the primer matK472F. ITS1 region between 18S rRNA gene and 5.8S rRNA gene was amplified using a primer set of ITS1: TCC GTA GGT GAA CCT GCG G and ITS2: GCT GCG TTC TTC ATC GAT GC (Dams et al. 1988) . In this species, the ITS1 region was difficult to amplify with the usual PCR condition, so an addition of 5% dimethyl sulfoxide to the reaction mixture was made to make an improvement. Lengths of ITS1 amplified from diploid plants were 270 bp (A genome diploid from Korea and northeastern district of China: Population Nos. K1, K3, C1, C2, and C3), 270 bp (A genome diploid from Huashan China: Population No. 5), 320 bp (A genome diploid from Gansu China: Population No. C6) and 320 bp (B genome diploid from Japan and China: Population Nos. J1, J2 and C4). The amplified DNA was prepared for direct sequencing with the primer ITS2, ITS1 regions were only sequenced in part of about 200 bp by unknown reason and could not be read in samples of Chinese B genome diploid plants. We used this 200 bp region of ITS1 from 5.8S rRNA gene region for the sequence analysis.
5S rDNA repeat units were amplified from genomic DNA of Korean A genome diploid plant and Japanese B genome diploid plant using a set of primers (5Sl1 CCA TCA GAA CTC CGC AGT TA, 5Sl2 CGG TGC ATT AAT GCT GGT AT: Hizume 1993) . The PCR products were cloned into plasmid pUC18 and sequenced with M13 universal primers.
The sequencing of all samples was outsourced to Eurofins Genomics (Japan). Sequences of the partial matK and ITS1 PCR product were aligned, and a dendrogram was constructed using the unweighted pair group method with arithmetic mean method (UPGMA) in software, Mega 7 (Tamura et al. 2007) . Sequence data were registered in DDBJ, and their accession numbers are shown in Tables 1, 2 
Results and discussion
Cytological differentiation of the A genome between the Gansu China type and Korean populations
The A genome diploid plants from the Gansu China (Population No. C6) have white flowers and round bulbs, and those from the Korean (Population No. K1 and K3) have purple flowers and slender bulbs. The flower stems of both populations are 40-50 cm in height and 
are longer than those of amphidiploids, diploids of the A genome from Huashan China and B genome diploids. In openly pollinated progeny collected from plants of the Gansu population, plants with purple and white flowers are present. Plants with purple flowers had 2n=16 chromosomes and two long metacentric a 1 chromosomes specific to the A genome with different size (arrows in Fig.  2A-C , and E). These plants were likely a hybrid between A genome diploid plants from Gansu China and Korea, which were cultivated nearby in our experimental garden. A genome diploid plants had two types of ITS1 with different lengths (lane 2, 3 in Fig. 3 ). The hybrid plant H15 had both lengths of ITS1 (lane 1 of Fig. 3 ). This supports that these plants are hybrids between Gansu China A genome diploid and Korean A genome diploid. GISH using genomic DNA from each line was applied to chromosomes of candidate hybrids between different A genome populations to investigate whether the two A genomes are distinguishable. After GISH using mixed probes of both genomic DNAs with different labels, the chromosomes of the two complements of A genome were clearly distinguished from each other ( Fig. 2A-C) . This indicates that the A genome differs in chromosomal DNA between the Gansu China and Korean populations, although they still have the A genome karyotype. The GISH signals appeared with different intensity on chromosomes of two genomes depending on probe of genomic DNA. The strong GISH signals appeared on chromosomes of probed genome and weak signals also appeared on chromosomes of the other genome (Fig. 1B,  C) . This shows that each genomic DNA of chromosome contains both population-specific and/or -rich sequences and common sequences. The chromosomal area of each genome was measured and compared. The chromosomal area of the Korean A genome was 1.3 times larger than that of the Gansu China A genome. In measurements by FCM using DAPI staining, the mean relative fluorescence intensity of Korean A genome diploid plants (Population No. K3) was 1.2 times greater than that of Gansu China A genome diploid plants (Population No. C6); hybrid plants had intermediate values (Fig. 2F) . The difference between the chromosomal area and FCM values may be due to the AT-base binding specificity of DAPI used in FCM. Chromosomal size differences in the similar karyotype were observed in some hybrid plants (cf. Hizume 1994 , Takahashi et al. 1997 . In most cases, closely related species have a similar karyotype; however, there is a difference in the genome size, and the difference of genome size appeared as chromosome size.
The five hybrids observed had eight bivalents and no irregular pairing at meiotic metaphase I (MI) in PMCs (Fig. 2E) . This indicates that homologous chromosomes from the two populations paired normally to form bivalents. Normal pairing of homologous chromosomes in PMCs of hybrids indicates that these genomes cytogenetically belong to the same A genome. The difference in genome size between the Korean and Gansu diploid plants and the GISH result indicate that the two A genomes are distinct at the genomic DNA level. Genomic differences indicated by the GISH experiment and genome size may be due to repetitive sequences dispersing over chromosomes. In Allium wakegi (A. cepa A. fistulosum), species-specific or abundant repetitive sequences have been reported (Shibata and Hizume 2002) . Formation of population specific or abundant DNA sequences may proceed prior to cytogenetic differentiation and species differentiation in S. scilloides.
Differentiation in 5S rDNA spacer regions among populations
A 5S rDNA repeat unit from the Japanese B genome was about 1150 bp and that from the Korean A genome was about 950 bp (Hizume and Araki 1996) . The chromosomal localization patterns of 5S rDNA loci obtained by in situ hybridization also revealed differences between genomes (Hizume and Araki 1996) . As the transcribed region (120 bp) of 5S rDNA unit is highly conserved in organisms, the difference of the length presents in the spacer of the 5S rDNA units. To clarify whether the spacer region could be used to reveal the difference of localities, we amplified the 5S rDNA spacer region from genomic DNA of the Korean A genome and Gansu China A genome (lanes 1 and 3 of left gel image in Fig. 4 ) and used them as FISH probe on same specimen used in the GISH experiment. FISH signals of 5S rDNA spacer region were observed on two (a 8 ) chromosomes of each A genome ( Fig. 2A, D) . This indicates that the nucleotide sequences of the 5S rDNA spacer region are quite different between the Korean and Gansu China A genomes, and they are expected to be helpful for detecting differences of populations and genomes.
Differentiation of the 5S rDNA spacer region among A genome diploids from three localities, B genome diploids from two localities, and plants with the AABB genome from three localities was investigated by Southern blot hybridization (Fig. 4) . The 5S rDNA spacer regions were amplified by PCR, and the sizes of the PCR products were about 700 bp in the A genome and 800 bp in the B genome. In the Huashan China population (Population No. C5), the length of the major 5S rDNA spacer products was 650 bp, whereas there was a faint band at 700 bp. The PCR products from AABB amphidiploid plants contained two major bands derived from the A and B genomes. Additionally, some faint extra 300 bp and 1700 bp bands were observed in all plants. These PCR products were blotted to a membrane and used for molecular hybridization. The 5S rDNA spacer regions from the A genome diploids of three localities (Korea: Population No. K1, Huashan China: Population No. C5, Gansu China: Population No. C6) and from the Japa- Genome Differentiation in the A Genome of Scilla scilloides nese B genome diploid (Population No. J4) were used as probes for Southern blots of the electrophoresed PCR products of the 5S rDNA spacer region. When probed with the 5S rDNA spacer region from the Korean A genome diploid, strong signals appeared on bands of the 5S rDNA spacer amplified from the Korean A genome diploid and the AABB genomes from all three localities (Fig. 4II) . The probe amplified from the Gansu China A genome diploid hybridized strongly with bands of 5S rDNA PCR product amplified from the Gansu China A genome diploid (Fig. 4IV) . The probe of 5S rDNA spacer amplified from Huashan China A genome diploid strongly hybridized with PCR product bands from the Huashan China A genome diploid (Fig. 4III) . The probe amplified from Japanese B genome diploid strongly hybridized with PCR product bands of B genome diploids from the Japanese and Chinese localities and also hybridized with bands derived from the B genome of three AABB genome plants (Fig. 4V) . The results suggest that the sequence of 5S rDNA spacer considerably differs among the A genomes from three localities and the B genome. The Southern blot hybridization results using the 5S rDNA spacer region from AABB plants strongly indicate that all AABB plants contain 5S rDNA derived from the Korean A genome and the Japanese or Chinese B genome. This suggests that AABB plants may have originated by the hybridization and subsequent polyploidization of Japanese or Chinese B genome diploid and Korean A genome diploid. Hybridization clearly showed the difference of nucleotide sequence of spacer region of 5S rDNA unit among localities and genome. Then 5S rDNA unit of Korean A genome diploid and Japanese B genome diploids were cloned and sequenced (accession number LC213007, LC213008, LC213009, LC213010, LC213011, LC213012). In both genomes, many variations were found among each clone at spacer region of 5S rDNA unit. Therefore these sequences are not suitable for phylogenetic analysis and the sequence of spacer region would not bring valuable data than that from molecular hybridization. To reveal the relationship among localities and genomes of S. scilloides, more suitable regions such as matK and ITS1 were sequenced, and the data are shown below.
Difference among populations and genomes revealed by nucleotide sequence of matK and ITS1
A partial sequence of matK gene was amplified from A genome diploids from seven localities, B genome diploid from four localities, and S. siberica and S. peruviana as an outgroup and sequenced (Accession Nos. shown in Fig. 4 and Table 2 ). The UPGMA tree constructed from these sequence data shows that all diploid plants of S. scilloides are put in the same clade, indicating that the A and B genomes share a relatively close relationship (Fig. 4) . This also indicates that differences among genomes and localities arose in a relatively short time period. A and B genomes of S. scilloides are clearly separated into two clades. Variation is present at 12 sites in the 738 bp partial matK sequence. The differences are of two types: one corresponds to the genomes (nucleotide numbers 65, 151, 294, 454, 509, 572, and 610) , the other to the locality (nucleotide number 296, 463, 559, 565, and 692) ( Table 2 ). Based on the nucleotide sequence of the matK gene, the A genome could be grouped into three types from Korea and northeastern district of China (Korean A type, Population Nos. K1, K3, C1, C2, and C3), from Huashan (Huashan China A type, Population No. 5), and from Gansu (Gansu China A type, Population No. C6) ( Table 2 ). The Mokpo, Korea population (Population No. K3), one in three plants differs at nucleotide number 296 (Accession No. LC170420). In the B genome of the Japanese and Chinese populations, there is just one base change at nucleotide number 559; nucleotide G is dominant in Japanese populations (Japanese B type matK) and nucleotide A is dominant in Chinese populations (Chinese B type matK). The dendrogram by the UPGMA method also constructed from ITS1 sequences shows that all diploid plants of S. scilloides are put in the same clade as same as the analysis based on matK sequence, indicating that the variation found in S. scilloides were less than the difference present in the other Scilla species (Fig. 5, Table  3 ). A genome plants could be divided into three groups: Korean A type (from Korea and northeastern district of China: Population Nos. K1, K3, C1, C2, and C3), Huashan China A type (from Huashan China: Population No. 5) and Gansu China A type (from Gansu China: Population No. C6). The results of grouping in the A genome were same in the analysis of matK and ITS1 (Fig.  5 ). There are differences in chloroplast DNA and nuclear DNA among the A genome plants from three localities and genomes. These differences, corresponding to localities and genomes, may be helpful in tracing the origin of polyploid plants.
In the S. scilloides species complex, genome DNA differentiation is present between the A and B genomes and among the localities of each genome. In total of results of GISH, Southern hybridization of 5S rDNA spacer, matK and ITS1 sequences, A genomes were grouped into three groups: Korean A genome (populations of Korea and northeastern district of China), Gansu China A genome (population of Gansu China), and Huashan China A genome (Population of Huashan China). The B genome difference among populations was found only in matK sequence, thus, the B genome would be a single group (Table 4) . The difference in the nucleo- tide sequence among A genome plants from different localities was less than the difference in the nucleotide sequence between A and B genomes. The chromosomal difference revealed by GISH experiment found between two A genome plants from different localities indicates the early stages of genome differentiation and is an evidence of the dynamic differentiation of chromosomes or genome evolution in S. scilloides. Despite the differences that bring specific GISH signals and different chromosome sizes in the A genome from two localities, meiotic pairing ability is maintained. This suggests that differentiation of chromosomal or genomic DNA and cytogenetic differentiation do not necessarily occur at the same time. Further investigation of genomic differences in S. scilloides from many localities will help to clarify the mechanism of genome differentiation and species differentiation. 
